The molecular docking tools Autodock and Surflex accurately reproduce the crystallographic structures of a collection of small molecule ligands that have been shown to bind nucleic acids. Docking studies were performed with the intercalators daunorubicin and ellipticine and the minor groove binders distamycin and pentamidine. Autodock and Surflex dock daunorubicin and distamycin to their nucleic acid targets within a resolution of approximately 2 Å, which is similar to the limit of the crystal structure resolution. However, for the top ranked poses, Autodock and Surflex both dock ellipticine into the correct site but in a different orientation compared to the crystal structure. This appears not only to be partly related to the symmetry of the target nucleic acid, as ellipticine is able to dock from either side of the intercalation site, but also due to the shape of the ligand and docking accuracy. Surflex docks pentamidine in a symmetrically equivalent orientation relative to the crystal structure, while Autodock was able to dock this molecule in the original orientation. In the case of the Surflex docking of pentamidine, the initial rmsd is misleading, given the symmetrical structure of pentamidine. Importantly, the ranking functions of both of these programs are able to return a top pose within approximately 2 Å rmsd for daunorubicin, distamycin, and pentamidine and approximately 3 Å rmsd for ellipticine compared to their respective crystal structures. Some docking challenges and potential pitfalls are explored, such as the importance of hydrogen treatment on ligands as well as the scoring functions of Autodock and Surflex. Overall for this set of complexes, Surflex is preferred over Autodock for virtual screening, as although the results are comparable, Surflex has significantly faster performance and ease of use under the optimal software conditions tested. These experiments show that molecular docking techniques can be successfully extended to include nucleic acid targets, a finding which has important implications for virtual screening applications and in the design of new small molecules to target therapeutically relevant morphologies of nucleic acids.
INTRODUCTION
Molecular docking techniques have shown great promise as a new tool in the discovery of novel small molecule drugs for targeting proteins. [1] [2] [3] [4] Fewer molecular docking studies have been performed targeting nucleic acids structures, despite advances in the understanding of the functional importance and the unique structural features of duplex, triplex, and G-quadruplex morphologies. [5] [6] [7] [8] [9] This is unfortunate since not only are there clinically used drugs that target nucleic acids but also many forms of nucleic acids are becoming an increasingly attractive target for antineoplastic and antimicrobial agents. 8, [10] [11] [12] [13] [14] [15] [16] [17] [18] The few docking studies in which nucleic acids are targeted have focused on such sites as the minor groove of DNA, a tetraloop structure of RNA, and the major groove of an RNA duplex, while rarely targeting intercalation sites which also hold therapeutic potential. [19] [20] [21] [22] [23] [24] The use of molecular docking has important implications for the synthesis and development of small molecule drugs that selectively target nucleic acids since these techniques have the potential to shed light on the interaction and mechanism of action of these ligands with targets that may have medicinal value.
Small molecules can interact with various morphologies of nucleic acids at multiple sites to alter nucleic acid function. 21, 25, 26 In the case of duplex DNA, one drug class binds within the minor groove, and a second class intercalates between existing base pairs of the nucleic acid structure. 11, 12, 27 Intercalators and groove binders have distinctive thermodynamic signatures that indicate different driving forces for binding. 28 The minor groove is a particularly attractive target for small molecules since this site has less competition from proteins and polymerases, which typically interact with the major groove. 13 The closer proximity of the strands in the minor groove compared to the major groove allows more contact surface area for a small molecule to bind tightly. 29 The unfavorable geometry of the major groove is another reason why few drugs target this groove. 21 Two well-known and well-characterized minor groove binders are the anti-malarial drug pentamidine and the antiviral drug distamycin, which we selected for our studies. 13, 14, 30, 31 While only limited docking studies have been performed with minor groove binders, even fewer studies have tested whether drugs that act through intercalation can be modeled successfully using docking methods. 2, 12 We selected two prototypical intercalators, daunorubicin, a drug commonly used to treat certain forms of leukemia, and ellipticine, another antine-oplastic drug, for docking experiments using Autodock (4) 32 and Surflex (2.11) 33 ( Figure 1 ). 11, 34 Autodock 4 and Surflex 2.11 have been used previously for protein-ligand docking, but very few studies have been performed using nucleic acids as targets. 8 Autodock is a logical selection for further exploration as it has been shown in some cases to be superior to DOCK, FlexX, and GOLD at reproducing the crystallographic pose of ligand-protein complexes. 35 Surflex was chosen because it has rapid computational speed with protein-ligand docking which could prove useful for virtual screening. 3 Autodock and Surflex have important differences in search algorithms and scoring functions. A search algorithm is initially used for conformationally sampling the ligand and target interactions, and scoring functions are used for evaluating and ranking the final poses of the ligand to determine the "correct" pose. 36 Autodock performs molecular dockings by precalculating energy grids around a site of interest on the target. 37 A stochastic search algorithm utilizing the Lamarkian Genetic Algorithm (LGA) for exploring the grid space is used to perform energy evaluations of the position of the ligand with respect to the target energy grids. 37 This algorithm explores the various orientations and conformations of the whole ligand relative to the energy grids for the defined number of energy evaluations and returns the lowest energy conformation in the target site. 37 The LGA has found particular utility in modeling systems with large numbers of rotatable bonds and possible numbers of conformations. 37 Surflex uses a socalled "whole" molecule alignment algorithm based on morphological similarity between the ligand and target. 3 This docking approach aligns the ligand to a "protomol" or idealized ligand in the active site of the target. 3 The protomol is composed of a collection of fragments or probe molecules that characterize the surface morphology of the binding site. 38 These probe molecules consist of CH 4 , C=O, and N-H fragments that model steric effects in the binding pocket, hydrogen bond acceptor groups, and hydrogen bond donor groups, respectively. 3, 38 The docking ligand fragments are checked for alignment and similarity against the protomol probes. 3 This is referred to as a "whole" molecule approach because after the initial ligand fragmentation, both the small fragment and the rest of the "whole" ligand are carried into the protomol binding site. 3 However, only the small fragment is checked for similarity and alignment against the protomol, while the rest of the "whole" ligand is assessed for steric interactions in the target site after optimal alignment of the fragment. 3 This "whole" molecule approach is powerful because it considers the subsequent position of the rest of the "whole" molecule with respect to the target after the small fragment is optimally aligned with the protomol. 3 This is an important difference between Autodock and Surflex, since Autodock involves evaluation of the conformations of the whole ligand without ligand fragmentation. 37 The scoring functions for Autodock and Surflex are partially empirically based, with Autodock incorporating an Amber type force field and Surflex calculating atom to atom pairwise interactions between the ligand and target. 3, 37, 39 Autodock evaluates pairwise interactions based on van der Waals radii of the atoms to determine the free energy of binding and returns the optimal lowest energy docked conformation as the best docked pose. 36 The Surflex scoring function is parametrized by calculating van der Waals distances between protein and ligand, and parametrization of the scoring function was based on 34 protein-ligand complexes. 40 Surflex assigns the atoms as either polar or nonpolar and then calculates a score based on hydrophobic and polar contacts between the two atoms. 4 The docked poses are then ranked according to the maximal Surflex Overall score.
Aside from the algorithmic differences in Surflex and Autodock, there are several other aspects of molecular docking in general and these programs specifically that present challenges to successful docking of ligands to nucleic acids. First, because proteins have attracted the most interest as drug targets, proteins have also been the focus of most docking efforts compared to nucleic acids. 36 This leads to the question of whether these protein-configured docking programs will work for nucleic acids because of the unique structural features of nucleic acids including their high charge density, exposed binding sites, and distinct geometrical symmetry. 36, 41 Another challenge is the dependence on crystal structures for visualizing how ligands interact with their targets and for assessing the accuracy of docking software. This approach relies on both the availability and resolution of the crystal structure. For nucleic acids, there are few crystal structures of ligand-nucleic acid complexes available, and even small variations in the resolution of the atomic positions of the crystals can significantly affect the modeling of important forces between the ligand and target such as hydrogen bonding. 42 Differences in scoring functions also present a challenge for docking, as ranking of the poses is typically the most difficult aspect of docking. 43, 44 The coefficients and weighting for the scoring function terms are calibrated based on ligand-protein complexes, and it is unknown how well Autodock and Surflex would perform with ligand-nucleic acid complexes. 39 Autodock and Surflex include entropic contributions by accounting for conformational and tortional changes as well as a term for solvation. 3, 39 However, the entropic contribution of solvation terms for most docking programs has been difficult to incorporate accurately in scoring functions and could contribute to erroneous pose ranking. 36 Another traditionally challenging area for docking programs is accounting for target flexibility, since even small conformational changes of the ligand in the binding pocket can cause dramatic changes in the scoring function. 4 While Autodock has the option to explore side chain flexibility for protein receptors, this function has not been extensively explored in the published literature for nucleic acids. Moreover, Surflex does not take target flexibility into account during molecular docking. 3 To fairly compare the performance of these two programs, target flexibility was not considered in these experiments. These are important considerations when performing docking of ligands to nucleic acids using Autodock and Surflex and could significantly impact docking performance.
In spite of these challenges, however, we demonstrate that Autodock and Surflex can accurately dock small molecules with different binding modes to nucleic acid targets. More importantly, the ranking of the poses is also evaluated, which has been the more challenging aspect for many docking programs. 43, 44 The minor groove binders, distamycin and pentamidine, and the intercalators, daunorubicin and ellipticine, were selected for docking studies since these small molecules have crystal structures that are available in the Protein Data Bank (PDB). Autodock and Surflex software operating parameters were evaluated to determine which parameters increase docking accuracy and the successful ranking of the poses. Given the challenge of docking to nucleic acids, some reasons for suboptimal docking are detailed, including the importance of hydrogens on ligands, the scoring functions of the programs, and the quality of the crystal structure. This collection of experiments demonstrates the utility of these programs for molecular docking of ligands to target nucleic acids.
EXPERIMENTAL AND COMPUTATIONAL METHODS

Virtual Library Preparation
Ligand-nucleic acid complex crystal structures for daunorubicin, distamycin, ellipticine, and pentamidine were obtained from the Protein Data Bank with identification numbers of 152d, 2dnd, 1z3f, and 1d64, respectively. The resolutions of these structures are 1.4 Å, 2.2 Å, 1.5 Å, and 2.1 Å, respectively. Distamycin and pentamidine are bound to the minor groove of DNA duplex dodecamers d(CGCAAATTTGCG) 2 and d(CGCGAATTCGCG) 2 , respectively. Daunorubicin and ellipticine intercalate between the cytosine and guanine nucleotides in the sequence d(CGATCG) 2 . For the ellipticine intercalation PDB structure, Maestro (8.0) 45 was used to construct the symmetrical strand to form a complete, complementary, double stranded DNA. For the intercalator nucleic acid targets, there were two intercalation sites on the target. Thus, the 3′ terminal guanine residue was removed from the 6 base pair sequence so that there would only be a single intercalation site in the target nucleic acid structure. The ligand and nucleic acid targets were saved as separate files for docking purposes.
The PDB files were visually inspected using Macromodel (7.0) 46 and all water molecules were removed. Amber ligand atom types were assigned using Sybyl (7.3), 47 and hydrogen atoms were added as appropriate. The program Antechamber in the software suite Amber (8) 48 was used to assign AM1-BCC charges to the atoms in each of the ligands and to also convert the files from PDB format to MOL2. Python scripts were used to prepare the nucleic acid structures in PDBQT format with Gasteiger charges for use in Autodock experiments, while MOL2 files were used for Surflex experiments.
Autodock 4 Methods
Autodock 4 and the graphical user interface AutoDockTools (1.4.6) 49 were compiled for a Macintosh OS X PowerMac G5 and Linux workstations. AutoDockTools 1.4.6 was used for establishing the Autogrid points as well as visualization of docked ligand-nucleic acid structures. The target site on the nucleic acid was specified to encompass either the entire minor groove or the intercalation target site. The grid center was also established by centering the grid box on either the minor groove or the intercalation site. The grid maps had a spacing of 0.375 Å.
Several available docking parameter options in Autodock 4 were systematically varied to determine the optimal conditions for ligand-nucleic acid docking. These factors include the number of total energy evaluations per docking run and also the total number of docking runs performed. The total number of energy evaluations is the total number of ligand-target energy interaction evaluations before the lowest energy conformation is selected. These factors are suggested as logical starting areas of optimization as they have previously been shown to impact ligand-protein docking studies. 50 The number of energy evaluations per docking run was varied as 200,000 (2E5), 2,000,000 (2E6), or 20,000,000 (2E7). Docking runs were varied as 5, 10, or 20 runs. Thus, a total of nine experiments were performed with varying numbers of energy evaluations and dockings to determine if these factors would impact docking accuracy and ranking. All other docking parameters were left at the default values. For the Autodock parametrization testing experiment with 50 docks and 5E7 energy evaluations, the "ga_num_generations" was set at 100,000. Normally, the docking run will terminate when either the "ga_num_generations" or the number of energy evaluations is reached, 51 so the "ga_num_generations" was increased from 27,000 to 100,000 to ensure that 5E7 energy evaluations was reached for these docking experiments.
Surflex 2.11 Methods
Surflex 2.11 was compiled for a Macintosh OS X PowerMac G5 and Linux workstations. The protomol was generated using a ligand-based approach, where a small molecule is selected that fits into the site of interest. The structure of the molecule in the site is then used for protomol generation. The protomol represents a set of molecular fragments that characterizes the active site and to which the ligand of interest is fragmented and checked for both similarity and alignment. 4 Furamidine was chosen as the ligand for protomol generation, as it has been previously shown to be a minor groove binder and is small enough to fit into the intercalation site to ensure adequate protomol generation. 12, 14, 52 Importantly, this also reduces the bias of the evaluation by not using the actual ligands to be docked and is a more realistic, generalized docking approach. Two important factors that can significantly effect the size and extent of the protomol generated are "proto_thresh" and "proto_bloat" options. "Proto_thresh" determines how far the protomol extends into the concavity of the target site, while "proto_bloat" impacts how far the protomol extends outside of the concavity. 53 For the purposes of these experiments, "proto_thresh" was set to 0.2 and "proto_bloat" was left at the default (0) for all protomols generated except for daunorubicin, where a "proto_bloat" of 0.5 was used. Protomols were visualized with Sybyl 7.3 to ensure proper coverage of the desired target area. Surflex 2.11 offers many parameters that can be customized to help optimize ligand targeted docking. An investigation of all of the combinations of these factors is beyond the scope of this paper. Instead, two factors, the "Multistart 5" and "Random 5" options, were selected as these are thought to have the potential to most significantly impact the accuracy of the docked poses. The "Multistart 5" designation enables docking to begin from 5 different initial starting positions around the designated target. Previously, Jain et al. had observed little increase in successful docks with protein targets beginning at a value of 5 ("Multistart 5"), relative to the additional computational resources required for docking these extra conformations. 53 A "Random 5" option ensures that the ligand adopts 5 random X,Y,Z coordinate conformations prior to initiating docking calculations. These options are both thought to be important since it minimizes the chance that the ligand may be randomly assigned to an energetically or conformationally unfavorable position from which it cannot recover during the docking. A total of three experiments were subsequently performed, with the first having default Surflex 2.11 options ("No Multistart", "No Random"), the second with implementation of "Multistart 5", and the last experiment with implementation of both "Multistart 5" and "Random 5" to test for a potential synergistic effect between these two options. All other parameters were left at the default values.
rmsd Calculations
One metric for evaluation of the quality of docking results is the difference in the X,Y,Z coordinates between the docked pose and the known crystal structure which can be used to calculate the Root Mean Square Deviation (rmsd) between the two poses. For consistency in evaluation of docked poses, the Surflex 2.11 software rmsd method was used for calculation of the rmsd differences for both Autodock and Surflex results based on only the heavy atoms. This method determines the rmsd between the docked pose and the crystallographic structure using a direct atom to atom comparison of the two structures. An additional Surflex rmsd function (Actual rmsd ISO) was used to account for internal ligand symmetry. This function is independent of atom numbering and computes isomorphisms between the crystal and docked poses, returning the lowest symmetrical rmsd value. 54 The practice of accounting for ligand symmetry is fairly universal and has been documented in previous papers. 54 To address nucleic acid target symmetry, Macromodel 7.0 was used to flip and superimpose the docked pose on the crystallographic pose. This involves copying the complex consisting of the ligand docked to the target nucleic acid and then selecting to superimpose DNA bases from the copied structure onto the opposite DNA base of the original structure. Molecular superposition was performed using the "Superimpose Atoms" (SuprA) function followed by the "Rigid Superposition" (RigSA) function. In all cases, the resolution of the superposition was less than 0.15 Å. The superimposed structures were saved, and the coordinates were used for rmsd calculations. Surflex docked poses are in a MOL2 file format which can be used directly by the Surflex program for rmsd calculations. Autodock docked poses are in a PDB file format and were converted to a MOL2 file format using OpenBabel (2.1.1) 55 or iBabel (2.0) 56 prior to rmsd calculations. Docked poses of Autodock and Surflex in the target binding site were visualized using AutoDockTools.
Autodock and Surflex Scoring Function Methods
Rescoring of all top ranked Autodock and Surflex poses and the crystal structure poses was performed using the Autodock and Surflex scoring functions. To rescore all of the poses using the Autodock scoring function, the files were converted to Autodock PDBQT file format by merging all of the nonpolar hydrogens. The Autodock epdb command was used to calculate a free energy of binding (kcal/mol) for each of the poses. The Surflex "score_list" command was used to rescore the top ranked poses using the Surflex scoring function. Macromodel was used to add hydrogens to the crystal structures and to the top ranked Autodock poses which normally only has polar hydrogens added for docking purposes. The Surflex scoring function ranks poses by an affinity score, pK d . 53 To fairly compare the docking poses for these two programs, the Surflex pK d results were converted to free energy of binding (kcal/mol), as previously described, where RT = 0.59 kcal/mol: 57
Macromodel Energy of Binding Methods
Macromodel was used as a third, independent software to calculate the energy of binding of the poses using different force fields and solvation. All hydrogens were added, as previously described. The energy of binding was determined in structures with and without energy minimization of the hydrogens as follows (2) where E complex is the energy of the docked ligand in the target, and the E ligand and E nucleic acid represent the individually calculated energies. Energy minimization was performed by the Polak-Ribier Conjugate Gradient (PRCG) method for 1000 iterations with a convergence threshold of 0.05. The force fields were set at either Amber* or OPLS2005, with and without implicit water solvation to show the effects of these factors on the energy of binding. The experiments with no implicit water solvation were performed with distant dependent electrostatic treatment with a dielectric constant of 4.0 and an extended cutoff. The experiments with water solvation were performed with a constant dielectric electrostatic treatment with a dielectric constant of 1.0 and a normal cutoff.
RESULTS AND DISCUSSION
Few studies have been performed to determine if molecular docking techniques such as Autodock and Surflex can dock ligands accurately to nucleic acids. We compare two poses derived from the docking calculations, the lowest rmsd pose for accuracy comparisons, and the top ranked pose for ranking comparison. A common metric for evaluation of accurate dockings is to calculate the rmsd between the crystallographic pose and the docked conformation. A level of significance of 2 Å will be evaluated to facilitate a comparison of these data to docking data in other reports. 8, 40, 44, 58, 59 When evaluating the ranking functions of the programs under different software conditions, only the single top ranking pose was used for comparing software conditions, as this is typically the mostly likely and facilitating pose that would be evaluated across large libraries of ligands that are used for virtual screening. The top pose was also inspected visually to determine the goodness of the ligand fit within the expected target site. Using these metrics, the optimal software conditions to maximize docking accuracy and ranking were "5 docks" and "2E7 energy evaluations" for Autodock and either the "Multistart 5" and "No Random" or the "Multistart 5" and "Random 5" for Surflex.
Autodock 4 Docking Accuracy
Close examination of the dock with the lowest rmsd for each software parametrization shows that Autodock is able to accurately reproduce the crystal structure of several ligand-nucleic acid complexes to a resolution of less than 2 Å (Figure 2A ). Taking ligand and nucleic acid target symmetry into account results in even lower rmsd poses for pentamidine (ligand symmetry) and ellipticine (nucleic acid target symmetry). Of the four ligands tested, pentamidine is the only chemically symmetrical ligand. Accounting for this symmetry results in lower rmsd results since several of the poses that are docked in a flipped orientation relative to the crystal structure can be recalculated ( Figure 2B ). At first glance, the higher overall rmsd results for the optimal ellipticine pose can be misleading as this appears to be a relatively poor docking. Visualization of the dockings reveals that the ligand is actually docked successfully into the intercalation site but lies in a flipped orientation rotated 180 degrees relative to the crystal pose. This flipped orientation of ellipticine occurs for all of the lowest rmsd poses (Figure 2A ) as well as the top ranked poses ( Figure 3A) . The orientation and quality of the docked ellipticine pose is partially explained by the symmetrical nature of the nucleic acid target, since ellipticine can dock into the intercalation site not only from the orientation observed in the crystal structure but also from a flipped orientation with intercalation from the opposite side of the nucleic acid. Given that the Surflex rmsd calculator is based solely on the ligand poses and is irrespective of the nucleic acid target structure symmetry, the rmsd for ellipticine is unusually high, even though ellipticine is positioned well inside the intercalation site compared to the crystal structure. Thus, flipping and superposition of the docked pose on the crystallographic pose using Macromodel were necessary for an accurate comparison to the crystal structure. The fact that ellipticine is docked in the intercalation site is encouraging, especially given the steric hindrance and tight fit typically associated with intercalation sites. Note that the Autodock grid is also large enough to allow for potential docking into the groove sites located near the intercalation site, so the intercalation dock is the preferred site. This emphasizes that rmsd values are only one metric for evaluating quality of docking poses and that the top poses should be visually inspected to check for ligand-target symmetry.
The lowest rmsd docking pose for daunorubicin and pentamidine are close to the resolution of the crystal structures, especially at the software conditions of "5 docks" and "2E7 energy evaluations". In particular, the rmsd for daunorubicin is almost always lower than 1 Å. The rmsd values for distamycin appear to be the most variable over the different software conditions, which is not surprising given that distamycin has the highest number of rotatable bonds (14) compared to daunorubicin (9), pentamidine (12) , and ellipticine (0). The number of rotatable bonds for each molecule was defined by AutoDockTools using a united-atom representation that merges nonpolar hydrogens. 49 AutoDockTools is used to automatically select the rigid "root" section of the ligand, and the "branches" off of the "root" are subsequently defined as rotatable bonds. 51 Molecules with larger numbers of rotatable bonds are expected to take a larger number of energy evaluations to converge to an energy minimum due to a larger number of degrees of freedom and conformational states. 58 The docking results for distamycin are especially encouraging considering that most small molecules that are tested for therapeutic utility typically have less than 12 rotatable bonds. 59 The number of energy evaluations appears to be most important when the fewest number of docks (5) is used, and the accuracy of the distamycin docking increases significantly with an increasing number of energy evaluations. Moreover, once the number of energy evaluations used reaches 2E7, there appears to be no increase in docking accuracy when the number of docks is increased from 5 to 10 or 20. This finding is consistent with previous observations from ligand-protein studies that tested the effects of varying energy evaluations and the number of dockings on docking accuracy. 50 Visualization of the distamycin docking poses that have a resolution of greater than 2 Å show that even though the rmsd is higher than the cutoff, the ligand still occupies a similar space in the minor groove relative to the crystal structure. These results suggest that a software parametrization of "5 docks" combined with "2E7 energy evaluations" is acceptable, as the resolution of all of these docks with the exception of ellipticine is less than 2 Å.
Autodock 4 Pose Ranking
The ability of Autodock to correctly rank the lowest rmsd docks must also be assessed as only one aspect of screening is to dock the pose correctly (low rmsd) but another aspect is to score the docked poses correctly. Autodock ranks the docked conformation by calculating a binding energy and sorting the results from lowest to highest energy. Ideally, the docked pose with the lowest binding energy would correspond to the docked pose with the lowest rmsd. In all software conditions, the top ranked dock for daunorubicin achieves the rmsd cutoff of 2 Å (Figure 3) .
A number of poses with rmsd values less than 2 Å are produced for distamycin and pentamidine using several different software conditions. However, there are a number of top ranked poses for distamycin, ellipticine, and pentamidine in several software conditions that merit further discussion as these had higher rmsd values. It is critical to ascertain whether the high rmsd values associated with these poses are due to lack of consideration of either ligand or target symmetry or if the pose itself is of marginal quality. Visual inspection of the four top ranked poses for distamycin with a resolution of greater than 12 Å rmsd suggests that the flipped orientation of the ligand relative to the crystal structure is the main cause of the high rmsd. However, the high rmsd cannot be ascribed solely to nucleic acid target symmetry, as the crystal structure shows that distamycin is not centered around the minor groove and superposition of the docked pose results in poor visual overlap with the crystal structure. Instead there appears to be poor docking that is localized to the multiple terminal nitrogen groups, which float freely outside of the minor groove instead of the expected tight binding within the minor groove that is observed with the crystallographic structure. The marginal accuracy of these dockings may be influenced by the large number of rotatable bonds observed with distamycin. This significantly increases the degrees of freedom and number of possible conformations of the ligand, making it challenging to dock to the target. 51, 58 With respect to ellipticine, the high rmsd values appear to be due to a combination of the flipped orientation of the ligand which can be reassessed by accounting for nucleic acid target symmetry and also by marginal overall alignment of the docked pose relative to the crystal structure. Pentamidine is a unique case where consideration of ligand symmetry into the rmsd calculations dramatically reduces the rmsd values for several top ranking poses (Figures 3B). This shows that the high rmsd is ascribed to ligand symmetry rather than to marginal docking quality and atom overlap.
In summary, there are several software conditions that appear promising with respect to ranking of the poses including "5 docks" with "2E7 energy evaluations" and "10 docks" with "2E5 energy evaluations". However, the real value in assessing Autodock performance lies in combining both docking accuracy and ranking of the docked results. A software parametrization of "5 docks" and "2E7 energy evaluations" appears best able to balance docking accuracy and ranking. By using this parametrization, docking of daunorubicin, distamycin, and pentamidine was achieved to a resolution of approximately 2 Å, while the intercalator ellipticine was the most challenging dock, with a top pose resolution of approximately 3 Å. These docked conformations are also visually in close agreement with the observed crystal structure (Figure 4 ).
Surflex 2.11 Docking Accuracy
The Surflex docking results generally show that crystal structures are accurately reproduced ( Figure 2) . In all experiments, daunorubicin and distamycin are docked accurately to a resolution of less than 2 Å. Visualization of the lowest rmsd ellipticine pose demonstrates that ellipticine is docked in the correct orientation relative to the crystal structure. The higher rmsd for the top ellipticine pose relative to the other compounds appears to be due to the marginal alignment of the ligand structure with the crystal structure. A similar marginal overlap was observed for the Autodock ellipticine poses, as described previously. Importantly, ellipticine is located well inside the intercalation site. For pentamidine, incorporation of ligand symmetry into the rmsd calculation results in significant increases in the docking accuracy for all software conditions, with the lowest rmsd structures occurring with the "Multistart 5" only experiment and the "Multistart 5" and "Random 5" combination experiment. This is attributed to inclusion of poses that were docked in a flipped orientation that initially had rmsd values greater than 12 Å but subsequently have significantly lower rmsd values after taking into account ligand symmetry.
With respect to docking accuracy, addition of the "Multistart 5" option produces a better docked pose for pentamidine. This supports the hypothesis that initiating the docking of the ligand from multiple points surrounding the nucleic acid target increases the accuracy of the dockings. Interestingly, the addition of the "Random 5" option in combination with the "Multistart 5" option did not significantly impact the lowest rmsd dock produced for these test ligands. The "Random 5" option generates 5 randomized X,Y,Z coordinate positions of the atoms at the initial starting position of the ligand. 53 Most importantly, Surflex is able to dock the ligands to the nucleic acid targets and produce docking results with rmsd values close to the resolution of the observed crystal structure.
Surflex 2.11 Pose Ranking
Ranking of Surflex results is performed by maximizing the Surflex Overall Score, which consists of an affinity score of the ligand for the target. Ideally, a maximal Surflex Overall Score would correspond with the lowest rmsd pose. Inspection of the rmsd values for the top Surflex docks ranked by maximal Surflex Overall Score are at first glance misleading ( Figure  3 ). In particular, the experiment that included the "Multistart 5" and "No Random" options and the experiment with the "Multistart 5" and "Random 5" options initially appear to have a poor docking pose for pentamidine. However, closer visual inspection of the docked conformation relative to the crystal structure pose again emphasizes the use of symmetry for rmsd calculations where appropriate ( Figure 5 ), which reduces the rmsd to under 2 Å.
For all of the experiments, ellipticine is docked in a flipped orientation in the intercalation site, which was initially thought to be the major factor influencing the high calculated rmsd value. However, even after accounting for nucleic acid target symmetry, ellipticine has still only minimal overlap with the crystal structure. Inspection of the top ranked dock for daunorubicin for the software parametrization with "No Multistart" and "No Random" and the software parametrization with "Multistart 5" and "No Random" options appears to show daunorubicin in a flipped orientation relative to the crystal structure. The daunosamine ring occupies the minor groove, which is similar to the ring location in the crystal structure. After taking into account the nucleic acid target symmetry, the docking pose rmsd values for both the "Multistart 5" and "No Random" experiment and the "Multistart 5" and "Random 5" experiment are dramatically improved, to a resolution of 3.4 Å and 2.3 Å, respectively. Finally, all Surflex software conditions docked distamycin to the target at a resolution of less than 2 Å. These results emphasize the importance of not only calculating rmsd values for docked poses but also visualizing results to check for reasonable docking conformations. 
Extended Parameter Optimization for Autodock and Surflex
While the overall docking results for Surflex and Autodock generally show the ability to accurately reproduce the crystal structure and rank the results, it is important to determine the reason for some of the more challenging dockings such as ellipticine and distamycin. One possibility for the marginal docking accuracy could be an inadequate number of iterations (number of docks and energy evaluations for Autodock and multistart number and random parameters for Surflex) of the software. If this is the case, it would be expected that increased docking accuracy and ranking could be obtained by increasing the exploration of the Autodock and Surflex parameters.
To investigate this possibility for Autodock, the docking experiments with the four ligands were repeated after increasing the number of dockings from 5 to 50 and the number of energy evaluations from 2E7 to 5E7. The number of dockings were selected based on previous applications of the software. 51 The number of energy evaluations was increased to 5E7, which is consistent with the number of energy evaluations used in previous protein docking experiments. 50 A similar approach was taken with Surflex by increasing the Multistart parameter from 5 to 10 and the Random parameter from 5 to 10. However, Jain et al. had previously seen only marginal improvement in increasing the Multistart parameter greater than 5 with protein docking. 53 Evaluation of the docking accuracy ( Figure SI7 ) and ranking ( Figure SI8 ) results show that there is no benefit in docking accuracy or ranking for either Autodock or Surflex by extending dockings and evaluations of software parameters. Moreover, the Autodock experiments took approximately 25-fold longer under conditions of "50 docks" and "5E7 energy evaluations" compared to conditions of "5 docks" and "2E7 energy evaluations". Surflex took approximately 5 times longer under conditions of "Multistart 10" and "Random 10" compared to "Multistart 5" and "Random 5". Even if the extended experiments showed improved docking accuracy and ranking, the increase in computational time could be a limiting factor for use in virtual screening applications. In summary, the results suggest that the originally optimized Autodock conditions of "5 docks" and "2E7 energy evaluations" and Surflex conditions of "Multistart 5" and "Random 5" are optimized for molecular docking to nucleic acids.
Evaluation of the Autodock and Surflex Scoring Functions
As the docking accuracy and ranking does not appear to be related to suboptimal software parametrization, another possible contribution to marginal docking may be from the scoring functions of these programs. This is possible given that scoring functions are one of the major challenges of current docking programs. 60 To investigate this possibility, the crystal structure and the top ranked poses for each method were rescored using both the Surflex and Autodock scoring functions. The poses were scored and ranked according to the lowest free energy of binding. An additional molecular mechanics method was selected to calculate the energy of binding of the crystal pose, Autodock, and Surflex poses. This was useful as the added hydrogens could also be selectively energetically minimized, which highlighted the hydrogen atom treatment as a potential pitfall. Macromodel 9.5 was used to determine the effects on the energy of binding of using either the OPLS2005 or Amber* force field with and without water as an implicit solvent. These experiments investigated if the limitations in the ranking of the software were related to the scoring functions for these programs. Figure 6 . Unsurprisingly, the Surflex scoring function tends to score the Surflex poses the best, while the Autodock scoring function tends to score the Autodock poses the best. The Surflex scoring function scores the Autodock poses reasonably well, with a low free energy of binding. In general, the Autodock scoring function produces results with the lowest free energy of binding. Both Autodock and Surflex appear to typically score either the Autodock or Surflex poses as having lower free energy of binding compared to the crystal pose. The Surflex scoring function produces a "Static" score (red, Figure 6 ) and an "Optimized" score (green Figure 6 ) when scoring an individual pose. The "Static" score applies the Surflex scoring function directly to the input pose, with no energy minimization. The "Optimized" score performs a gradient energy minimization and subsequently scores the pose. Scoring of the Surflex poses using the Surflex scoring function reveals little difference between the Static score and Optimized score. On the other hand, Autodock and the crystal structure scores are significantly improved when comparing the "Static" score to the "Optimized" score. One possible explanation for this difference is how the hydrogens are accounted for by these docking programs.
Scoring of Poses by Autodock and Surflex-The direct comparison of the Surflex and Autodock Scoring Functions is shown in
Hydrogen Atom Treatment of Poses Can Significantly Effect Free Energy of
Binding-It appears from Figure 6 that the significant difference in the "Static" and "Optimized" Surflex scoring function scores for Autodock and the crystal poses could be influenced by the way hydrogen atoms are added to these structures. In order to determine if this is the case, it is important to first address the way hydrogens are normally accounted for by these programs. Surflex adds all hydrogens on the ligand prior to docking so all of the hydrogens are present during scoring. The crystal structure does not have any hydrogens added. Autodock uses a United Atom force field which takes into account "polar" hydrogens that are attached to electronegative atoms. 51 "Nonpolar" hydrogens attached to carbon atoms are merged, and the charge is added to the nearby carbon atom. 51 To evaluate whether the trends in Figure 6 could be influenced by the way hydrogens are handled by the docking programs, Macromodel was used to add all hydrogens to the ligands, and their binding energies were recalculated both before and after energy minimization of the hydrogens (Figure 7 ). Comparing the binding energy of the poses before and after minimization of the hydrogens shows that the most significant decrease in energy after minimization is seen with the crystal structure. However, there is also a substantial reduction in the energy of binding for Autodock. The Surflex binding energies appear to be the least effected presumably because all hydrogens were accounted for during docking and scoring. The results in Figure 7 are important because a molecular mechanics approach was used to assess each of the poses for the docking programs with two force fields and two solvation approaches. These results show that Surflex appears to consistently produce the docked poses with the lowest energy of binding. This suggests that the hydrogen atom treatment is an important consideration when scoring docked poses and can substantially influence scoring and energy calculations. It is interesting to note that ellipticine, which has the fewest number of rotatable bonds and hydrogen atoms, is least effected by hydrogen atom treatment.
Effects of Force Field Choice and Solvation on Energy of
Binding-A series of experiments was performed to test the effects of using either the Amber* and OPLS2005 force fields, with and without implicit water solvation, on the energy minimization and the calculated energy of binding of the ligands to the targets. The Amber* force field was selected because the Autodock force field is parametrized based on the Amber force field. 39 OPLS2005 was chosen because it is an updated general force field from the original OPLSAA force field that has demonstrated utility in evaluating protein structures. 61 The calculated energy of binding of the top ranked ligand poses, before and after energy minimization of the added hydrogens, is shown in Figure 7 . The force field choice and solvation effects can significantly influence the calculated energy of binding. For the structures where the hydrogens were energetically minimized, the use of the Amber* force field with inclusion of water salvation appears to produce energy of binding results that are most consistent with the results in Figure 6 that were obtained using the Autodock and Surflex scoring functions. The energy of binding of the Autodock and Surflex poses appears significantly lower than the crystal structures, with the exception of ellipticine. It appears in these cases that for the Autodock and Surflex poses the addition of implicit salvation in just the energy minimization is not advantageous and not indicative of a favorable binding event. In total, this shows that force field selection and solvation factors can contribute substantially to scoring and ranking docked poses, and this could be one of the main challenges of docking ligands to nucleic acids.
Crystal Structure Energies Are Not Necessarily the "Minima"-The free energy of binding for the crystal structure and top ranked Autodock and Surflex poses, determined by either the Autodock or Surflex scoring function, is shown in Figure 6 . The top ranked Autodock or Surflex pose almost universally has a comparable or lower free energy of binding compared to the reference crystal structure. This is true irrespective of the scoring function. These results are supported by the molecular mechanics results in Figure 7 , where the calculated energy of binding for all ligands, apart from ellipticine, is comparable to or lower than the crystal structure. These results are important for several reasons. First, the crystal structures should not be assumed to be the energetically minimized conformation in the nucleic acid target as the structure is a product of experimental data and the original force field it is fitted to. Interestingly, the energy of the lower resolution crystals, distamycin (2.2 Å) ( Figure 7D ) and pentamidine (2.1 Å) ( Figure 7H ), appear to have more variability between the energy of the top ranked poses and the crystal structure compared to the higher resolution crystal structures daunorubicin (1.4 Å) ( Figure 7B ) and ellipticine (1.5 Å) ( Figure 7F ). This suggests that the quality and resolution of the crystal structure may be a consideration when performing docking studies and evaluating poses. However, it is also a function of flexibility of the ligand as distamycin and pentamidine are the most flexible. Another reason these results are important is that the docked poses such as distamycin that initially appeared to be of only marginal accuracy by rmsd compared to the crystal structure are better than initially thought with respect to the energy of binding, which implies that the crystal structure ligand pose may not be optimal to start with.
Overall Comparison of Autodock and Surflex Performance
In assessing the overall performance of Autodock and Surflex, several facets of docking must be compared including docking accuracy, docking ranking, computational speed, and even ease of use. Both Autodock and Surflex have comparable performance in accurately reproducing the crystal structure and ranking the poses, particularly with software conditions of "5 docks" with "2E7 energy evaluations" and "Multistart 5" and "Random 5", respectively. However, one important factor where performance differs substantially is the computational resources required for docking. Using 2.0 GHz AMD Opteron 246 processors, Surflex performed the dockings significantly faster than Autodock for all ligands tested. The average time to complete each Surflex docking with a software parametrization of "Multistart 5" and "Random 5" was just under 8 min, while Autodock with a software parametrization of "5 docks" with "2E7 energy evaluations" took approximately 76 min. Given that the docking accuracy and ranking results were comparable, the significantly faster docking speed of Surflex makes it particularly well suited for virtual screening applications where large numbers of ligands are screened. Surflex is also superior with ease of use, as it is a single executable application with direct input from a MOL2 file format. Autodock requires file conversion from a MOL2 into a PDBQT file format prior to performing molecular dockings. For these reasons, under the tested software conditions, we show Surflex is a superior software package for virtual screening of nucleic acids in the system reported here.
Comparison of Results to Previous Studies
Relatively few molecular docking studies have been performed with nucleic acids. In comparing the data presented in this paper to other docking papers, we placed particular emphasis on the evaluation of the accuracy of the top ranked pose returned by either Surflex or Autodock. This is a logical approach for assessing docking software performance for virtual screening applications, since when screening a large ligand database, only the evaluation of the top ranked pose may be computationally feasible. Several previous studies have focused on utilization of the DOCK program for molecular docking of ligands to nucleic acids. Grootenhuis et al. used DOCK to target the minor groove, major groove, and an intercalation site on duplex DNA, while more recently Chen et al. successfully targeted the major groove of RNA. 19, 20, 22 Yan et al. targeted an RNA tetraloop structure and demonstrated docking at a similar resolution to what was observed in our study of docking ligands to DNA targets. 23 Rohs et al. recently developed a molecular docking approach utilizing a Monte Carlo algorithm that successfully demonstrated the binding of methylene blue to DNA by minor groove and intercalation binding modes. 62 However, methylene blue has only four rotatable methyl groups with fewer degrees of freedom than several of the more conformationally complex ligands tested in this study. 62 One report of docking studies to nucleic acids using Autodock was performed by Evans et al., who demonstrated the ability of a previous version of Autodock to accurately predict binding of minor groove binders to their respective nucleic acid targets. 24 A direct comparison of all of the results from the Evans paper and this study is difficult due to different operating conditions and software versions for Autodock; however, some differences are noteworthy. One limitation of the previous study is that while the number of energy evaluations was varied, the maximum number of evaluations performed was only 2.5E6. Based on our studies, we found that 2E7 energy evaluations were optimal for docking accuracy and pose ranking. Another consideration is that in this previous study the number of dockings was kept constant. We evaluated the parameters by varying both the number of docks and energy evaluations to determine which combination of software parameters is best for virtual screening applications.
Similar to the results in this paper, Evans did find that, in general, increasing the number of energy evaluations increased the accuracy of the predicted pose, with respect to the crystal structure. 24 However, we also found that using fewer numbers of dockings while concurrently increasing the number of energy evaluations increases both pose accuracy and ranking. This is presumably due to a more complete exploration of the energetic landscape surrounding the ligand-target interaction. This has important implications for virtual screening where of crucial importance is the accuracy of the top ranked pose. Generally, the results of Evans et al. are consistent with results in this paper and show that Autodock is able to successfully predict the binding of multiple minor groove binders to their targets at a resolution of approximately 2 Å. 24 However, based on the data herein, we recommend using more energy evaluations and fewer numbers of docks for virtual screening applications to produce the best top ranked dock. While the results in this paper expand and add value to previous Autodock work targeting nucleic acids, importantly, we show that the results with Surflex in particular are very useful, applicable, and the first published study to demonstrate successful molecular docking of intercalators or minor groove binders to nucleic acid targets using this software.
CONCLUSIONS
The results reported here support the primary objective of this work, which is to test Autodock 4 and Surflex 2.11 for accurately reproducing ligand-bound nucleic acid structures. This is the critical first step in validating these software for future use in targeting specific nucleic acid structures. Even given the aforementioned limitations and uncertainties of using Autodock 4 and Surflex 2.11 with nucleic acids, these results show that these software can accurately reproduce the crystal structures of both groove binders and intercalators. Ours is one of only a few studies to date that have shown that nucleic acids can be successfully targeted using these docking methods. Our results show that an Autodock 4 software condition of "5 docks" and "2E7 energy evaluations" is the best for combined docking accuracy and ranking. The Surflex 2.11 software conditions of "Multistart 5" and "No Random" and "Multistart 5" and "Random 5" appear equally good at producing top ranked structures with low rmsd values relative to the crystal structure. Extended experiments testing further increases in Autodock and Surflex parametrization did not improve docking accuracy or ranking. The most challenging ligand to dock accurately was ellipticine, which was no surprise given the small pocket in the nucleic acid and tight fit associated with the binding of ligands into the intercalation site. Given that the Autodock and Surflex scoring functions for ranking the docked poses were parametrized based on protein-ligand structures, the ranking results are particularly encouraging. 8, 40 Both programs are able to return a top ranked pose with approximately 2 Å rmsd for daunorubicin, distamycin, and pentamidine and a pose with approximately 3 Å rmsd for ellipticine. It is important to consider that while the docking accuracy and pose ranking of these programs is comparable, Surflex performs docking much faster than Autodock under the optimized software conditions in this paper. Surflex also requires less manipulation of input files, suggesting that Surflex is preferred for virtual screening applications for systems similar to those presented here.
Based on these docking studies, several points should be strongly considered when performing molecular docking with nucleic acids and evaluating docked poses. Docking parameters should be explored in detail since suboptimal software conditions can significantly impact the accuracy and ranking of the docked poses. When evaluating docked poses, visualization of the most promising docking poses should be performed as well as calculation of rmsd values. It is crucial to also account for both ligand and target symmetry by either including ligand symmetry in rmsd calculations or performing molecular superposition to account for nucleic acid target symmetry. Given the conformation and structural heterogeneity of proteins, target symmetry is less likely with respect to docking. However, nucleic acid targets are much more likely to exhibit symmetry due to the simple base pair composition and the nature and geometry of the nucleic acid strand associations. Another consideration when performing docking is the hydrogen atom treatment of the software, as this can significantly impact the free energy of binding. These studies also demonstrated that force field and salvation selection can dramatically effect the binding energy. Finally, selection of high quality and high resolution crystal structures is especially important when using these structures as reference conformations to evaluate docking poses. Based on the results in this paper, it is important to consider that the crystal structure does not necessarily represent the energetically minimized pose with respect to the poses generated by docking software.
These findings have important implications not only in the field of chemistry and computational biology but also in the area of organic small molecule synthesis using structure-based drug design. Many previous efforts at rational drug design have focused on time-consuming and expensive small molecule synthesis methods. If reliable, molecular docking allows for the construction of virtual libraries of molecules that can be docked against any nucleic acid target of interest. One of the logical next steps in molecular docking to nucleic acids is the development of rules to select ligands that may bind nucleic acid targets with affinity and specificity. These experiments suggest that molecular docking techniques may have particular value as a virtual screening precursor step to full chemical synthesis of drug candidates. Autodock and Surflex accuracy: The dock with the lowest rmsd is presented, regardless of ranking. Parts A and C present the rmsd calculated without taking into account ligand or nucleic acid symmetry, for Autodock and Surflex, respectively. Parts B and D include ligand and nucleic acid symmetry, for Autodock and Surflex, respectively. Black = daunorubicin, blue = distamycin, red = ellipticine, green = pentamidine. Comparison of the top ranked Autodock pose (magenta) to the PDB crystallographic pose (yellow) for the experiment with a software parameterization of "5 docks" and "2E7 energy evaluations": (A) daunorubicin, (B) distamycin, (C) ellipticine, and (D) pentamidine. Calculated energy of binding by Macromodel for the crystal pose, Autodock top ranked pose, and Surflex top ranked pose for various ligands using the Amber* and OPLS2005 force fields with and without implicit water solvation: solid blue = OPLS2005, no implicit water solvation; blue with hatches = OPLS2005, with implicit water solvation; solid gray = Amber*, no implicit water solvation; gray with hatches = Amber*, with implicit water solvation. (A) and (B) daunorubicin, before and after hydrogen minimization, respectively; (C) and (D) distamycin, before and after hydrogen minimization, respectively; (E) and (F) ellipticine, before and after hydrogen minimization, respectively; and (G) and (H) pentamidine, before and after hydrogen minimization, respectively.
